Abstract. The CALI gene was cloned by complementation of the defect in Calcofluor-resistant calR1 mutants of Saccharomyces cerevisiae. Transformation of the mutants with a plasmid carrying the appropriate insert restored Calcofluor sensitivity, wild-type chitin levels and normal spore maturation. Southern blots using the DNA fragment as a probe showed hybridization to a single locus. Allelic tests indicated that the cloned gene corresponded to the calRI locus . The DNA insert contains a single open-reading frame encoding a protein of 1,099 amino acids with a molecular mass of 124 kD. The predicted amino acid sequence shows several regions of homology with those of chitin synthases 1 and 2 from S. cerevisiae and chitin syn-HE antifungal effect of Calcofluor White (33, 34), a substance that binds specifically to chitin in vivo (10), was used to isolate and characterize several Saccharo myces cerevisiae mutants resistant to this fluorochrome (35) . The most interesting feature of these mutants was a defect in chitin synthesis in vivo not only during the vegetative cycle but also in response to the pheromone a-factor (35) . A defect in spore maturation in the homozygous condition was observed (35). The possibility that these mutants could define physiologically relevant genes involved in chitin synthesis was apparent; therefore, the cloning and sequencing of the gene corresponding to one of them, cal"l, was undertaken . In this report we show that the protein sequence encoded by the cloned gene (CAI/) has significant similarities with those of chitin synthase 1 (9) and chitin synthase 2 (42, 43) . Recently, Bulawa and Osmond (8) detected the presence of a third chitin synthase (chitin synthase 3 or Chs31) in strains defective in chitin synthase 1 and 2. We report here that Reprint requests should be addressed to Enrico Cabib, National Institutes of Health, Building 10, Room 9N-115, Bethesda, MD 20892 .
Abstract. The CALI gene was cloned by complementation of the defect in Calcofluor-resistant calR1 mutants of Saccharomyces cerevisiae. Transformation of the mutants with a plasmid carrying the appropriate insert restored Calcofluor sensitivity, wild-type chitin levels and normal spore maturation. Southern blots using the DNA fragment as a probe showed hybridization to a single locus. Allelic tests indicated that the cloned gene corresponded to the calRI locus . The DNA insert contains a single open-reading frame encoding a protein of 1,099 amino acids with a molecular mass of 124 kD. The predicted amino acid sequence shows several regions of homology with those of chitin synthases 1 and 2 from S. cerevisiae and chitin syn-HE antifungal effect of Calcofluor White (33, 34), a substance that binds specifically to chitin in vivo (10) , was used to isolate and characterize several Saccharo myces cerevisiae mutants resistant to this fluorochrome (35) . The most interesting feature of these mutants was a defect in chitin synthesis in vivo not only during the vegetative cycle but also in response to the pheromone a-factor (35) . A defect in spore maturation in the homozygous condition was observed (35) . The possibility that these mutants could define physiologically relevant genes involved in chitin synthesis was apparent; therefore, the cloning and sequencing of the gene corresponding to one of them, cal"l, was undertaken . In this report we show that the protein sequence encoded by the cloned gene (CAI/) has significant similarities with those of chitin synthase 1 (9) and chitin synthase 2 (42, 43) . Recently, Bulawa and Osmond (8) detected the presence of a third chitin synthase (chitin synthase 3 or Chs31) in strains defective in chitin synthase 1 and 2. We report here that thase 1 from Candida albicans . calR1 mutants have been found to be defective in chitin synthase 3, a trypsin-independent synthase . Transformation of the mutants with a plasmid carrying CALI restored chitin synthase 3 activity ; however, overexpression of the enzyme was not achieved even with a high copy number plasmid . Since Calcofluor-resistance mutations different from calRI also result in reduced levels of chitin synthase 3, it is postulated that the products of some of these CAL genes may be limiting for expression of the enzymatic activity. Disruption of the CALI gene was not lethal, indicating that chitin synthase 3 is not an essential enzyme for S. cerevisiae. ca1R1 mutants are deficient in chitin synthase 3, an enzymatic activity that, in contrast to synthases 1 and 2, does not require proteolytic activation.
Materials and Methods

Strains and Media
The S. cerevlsiae strains used in this study are listed in Table I . Standard methods were used for genetic crosses (41) . Dissection of spores containing a disruption of CHS2 was carried out on minimal medium (8) . S. cerevisiae strains CRI, ECY33-2A, and ECY33-18A were used as recipient strains in transformations with plasmids carrying the CALI gene . The diploid strain HVY28 was the recipient in the CALI gene disruption experiment . S. cerevisiae API (12) was a source of RNA for RNA blots.
Escherichia coli JM101, JM109, or DHl were used for transformation and plasmid preparation . S. cerevisiae strains were grown in YED (1% glucose and 1 % Bacto yeast extract), YEPD (I% Bacto yeast extract, 2 % peptone, 2 % glucose) or minimal medium (2 % glucose, 0.7% Difco yeast nitrogen base without amino acids), plus nutritional requirements . E. coli was grown in LB medium supplemented with 50 Ag/ml ampicillin or 15 ;4g/ml tetracycline, where appropriate . Solid medium plates also contained 2 % agar.
PlateAssay for Calcofluor Resistance
Calcofluor susceptibility was tested on fresh cultures by suspending a small number of cells ( ,106 cells/ml) in sterile water and dropping 5 ;1 of each suspension on plates. A synthetic medium was most frequently used (2 % glucose, 0.7 % Bacto yeast nitrogen base, 0.2 % of an amino acid solid mix-
DNA andRNA Preparations and Blots
All manipulations of DNA and RNA were by established molecular biological methods (3, 13, 25, 36) with the following exceptions . Southern analyses were modified so that, instead of transferring .DNA to nitrocellulose filters, hybridization was carried out on the gel itself as recently described for RNA (1) . Double-stranded DNA sequencing was performed according to Zhang et al . (47) , as modified by Riley (31) .
Preparation ofMembranes and Enzymatic Assays
Membranes were isolated after disruption of intact cells with glass beads followed by differential centrifugation, essentially as described by Orlean (27) . Final membrane pellets were suspended in 1 .6 ml 50 mM Tris chloride (pH 7.5), containing 5 mM magnesium acetate, per gram (wet weight) of yeast cells . Chitin synthase activity was measured as previously described (37) . Chitinase activity was determined in cell extracts essentially according to Kuranda and Robbins (20) , using 4-methylumbelliferyl-ß-D-N,N',N"-triacety1chitotriose as a substrate .
Analytical Procedures
Measurement of chitin in vivo was performed as described by Bulawa et al . (9) using chitinase from Serratia rnarcescens, either purified in the laboratory (32) or obtained from Serva Biochemicals, Heidelberg, Germany. N-acetylglucosamine was assayed colorimetrically by the method of Reissig et al . (30) . Protein was measured according to Lowry et al . (24) .
UDP-G1cNAc levels were measured by HPLC chromatography (Waters Chromatography Div., Milford, MA) . Logarithmic phase cells were me- Results chanically homogenized in 50% ethanol . The extract was centrifuged at 46,000 g for 15 min . The supernatant was evaporated to dryness in a Speed Vac Concentrator (Savant Instruments, Inc., Farmingdale, NY) and suspended in 50% ethanol . A Novapack C18 column (18 x100 mm) with 5-km diam particles and an isocratlc elution at 100 mM monobasic ammonium phosphate, pH 2 .85, were used . Data were obtained by measuring absorbance at 260 run with appropriate standards .
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lating defect in the homozygous condition . Further characterization of this defect indicated that asci and ascospores were normally produced and that their viability was similar to that observed in a diploid control strain ; however, micromanipulation ofthe ascospores was extremely difficult . Electron micrographs of sectioned asci revealed the absence of the two outermost dark layers (results not shown) of which the inner one consists of chitosan (6) .
Further characterization of the calAl mutant indicated that levels ofyeast endochitinase and UDP-G1cNAc, the substrate for chitin synthesis, were similar to those of the wild type strain (results not shown) ; the same results were obtained with the calR2, calA3, and calR5 mutants . Activation of chitin synthesis after a-factor treatment (38) was almost null in the mutant strain (1.3-fold activation as compared to approximately fivefold in the case of the wild type strain) . The availability ofa plasmid containing just, the coding sequence ofthe CALL gene (see next section) allowed us to test whether or not the pleiotropic effects described above were the result of a single mutation. The results clearly indicate ( Table II) that transformation of the CRYI-15D mutant strain with a monocopy or multicopy plasmid carrying the CALL gene restored all the wild type characteristics. Therefore, the CALI locus appears to be responsible for all those characteristics .
DNA Sequence of CALI and Characterization of mRNA
The nucleotide sequence ofthe 3.9-kb fragment carrying the S. cerevisiae CALI gene was determined following the strategy outlined in Fig. 2 . The DNA sequence ( The open reading frame (3,297 bp) contained within the pHV9 plasmid is shown along with the predicted amino acid sequence (1,099 amino acids) . These sequence data are available from EMBL/ GenBank/DDBJ under accession number X57300 . TAR TAR ATA AAT ATT  3417  3418 TOT CIA TOT  TTA AAO GCA CAT ATT AGO TOG CIA AGG CAA TTA CAG CTC  3465  3466 ATA TAC TOT AAA ACT CAT OTC GCC ACT AAA  TIC TIC  TAP, CRC GCG TTC  3513  3514 TOT CTC TTT CCA AGG GAC TOO CAA TAT GOO ACT ATT TAT CTG TOG CAT  3561  3562 TTC CA"  TTT ATA TTC CCC TAT TOG GTA TTT OAT GIG GCC GTT TAA ATA  3609  3610 OTC ACC GAT TGA ATC  TIC ACT TOT TOG ACT TTT OTC TTT TOO TTC TOT  3657  3658 AAA GOT CTT CAA TTT ATC TAA  AGO AAG TTT TOT ATA ATT CAA AAT ACT  3705  3706  IT,; OTT TTC TOO ATG ACT TGA ACC TOO AAA TGA TGA TOT AAA CAA GCA  3753 (22) hydropathy plot (Fig. 4 ) ofthe product inferred from the CALI nucleotide sequence shows a protein with three major domains, a mostly hydrophilic region at the amino terminus spanning residues 1-500 in which two hydrophobic regions are present (residues 100-150 and 300-400), a central neutral sequence from residues 550 to 940, and acarboxyl terminus in which a hydrophobic domain (residues 900-1,000) is followed by a hydrophilic domain (residues 1,000-1,099) . The carboxyl terminus hydrophobic region contains several potential membrane-spanning domains . The predicted sequence carries three possible sites for N-glycosylation (39) at positions 48-50 (AsnThr-Thr), 86-88 (Asn-Lys-Ser), and 872-874 (AsnVal Thr). From the distribution of codons used in the CALI gene a bias index of 0.16 can be calculated (5) which suggests a poorly expressed gene. The 5'-flanking sequence of the coding region revealed the presence of two "TATA-like" elements at positions -40 (ATAAT) and -27 (TATTA) . Other sequences functionally substituting for TATA boxes, as recently described (44), are not present in the 5' region of the CALI locus . The consensus heptameric repeating sequence TGAAACA (19) , proposed as a part of the specific activating system by yeast pheromones, is not present either. The 3' noncoding region contains the proposed (29) polyadenylation consensus sequence AATAAA at positions 3,404-3,409 and the termination sequence TAC . . . TACTGT/TATGGT . . . TTT, slightly different from the consensus TGA . . . TA(T)GT . . . TTT proposed by Zaret et al. (46) . The size of the CALI mRNA, as determined by Northern blot analysis of poly(A)+ RNA (results not shown), was ti4 kb, i.e., similar to that described for CHSI mRNA (2) .
Similarity Between CALL and Chitin Synthase Genes A search for similarity to any known sequences was conducted by screening the EMBL and GENBANK DNA and protein databases with the nucleotide or derived protein sequence of the CALI locus. Despite the fact that little similarity exists between the nucleotide sequences, a remarkable degree ofamino acid sequence homology was observed when the CALI predicted protein was compared with those of the chitin synthase 1 (CHSI; 9) and chitin synthase 2 (CHS2; 42) genes of S. cerevisiae and with that of CHSI from Candida albicans (4) . A region of 251 amino acids, located at the carboxyl terminal portion of the protein sequence, shared 22 identity with the Chsl protein. In a region of 189 amino acids 25 % identity was found with the Chs2 protein. There are two blocks of substantial identity among all four proteins (Fig.  5) : one in which 17 out of 35 amino acids are identical from positions 811 to 845 of Call, and the other, a stretch of five identical residues from 926 to 930 (note that this identity extends over nine amino acids between Call and canChsl) . It should be borne in mind that the degree of homology between Chsl and Chs2 (42) or canChsl and Chsl (4) is much higher than that observed between any of the three and Call . Disruption of the CALL Gene and Its Effect
The calRI mutation was not deleterious for growth despite a considerable decrease in the biosynthesis of cell wall chitin and some morphological abnormalities (40 The CALI Gene Is RequiredforActivity of Chitin Synthase 3
The low chitin content of call mutants (35) and the sequence similarities between Call and Chsl and Chs2 suggested the possibility that the gene product of CALL may be involved in chitin synthase activity. Therefore, the synthase activity was measured under different conditions in strains carrying appropriate mutations . All strains were defective in Chsl, whose high activity would have obscured the results . Membranes were obtained by direct disruption of cells with glass beads, because this method (8, 27 ) preserved consistently both Chs3, i .e ., trypsin-independent activity, and Chs2 (trypsin-stimulated activity), whereas in preparations from protoplasts usually only Chs2 was measured (37) . The preparation from strain ECY36-3A (chsl CHS2 CALI) showed a decrease in activity after trypsin treatment in the presence of Mgz+ but an increase in the presence of Col+ (Fig . 6 ), in agreement with the results of Orlean (27) for a strain of similar genotype . The ratio of activity with Coz+ to that with Mgz+ in the trypsin-treated enzyme was similar to that observed for Chs2 (37, 43) . Strain ECY36-3C (chsl chs2 : : URA3 CALI) yielded an enzyme (Chs3) whose activity was decreased by trypsin both in the presence of Mgz+ and of Col+ (Fig. 6 ) . Finally, the preparation from strain ECY36-3D (chsl CHS2 call) had very low chitin synthase activity without trypsin but was stimulated by trypsin with either Mg 1+ or C02+, as expected for Chs2. The results are consistent with the presence of both Chs2 and Chs3 in strain ECY36-3A, of only Chs3 in strain ECY36-3C and ofonly Chs2 in strain ECY36-3D. Thus, calR1 strains appear to be specifically deficient in Chs3. In confirmation of these results, in a tetrad resulting from a cross between a CALL and a call strain, both Calcofluor-resistant segregants showed a very low level of trypsinindependent activity compared to the CALI segregants (results not shown) .
Transformation of call strains with a plasmid containing the CALI gene (pHV9) resulted in restoration of trypsinindependent activity at a level somewhat higher than that of wild type (Fig . 7) . The plasmid had little effect on the activity of membranes from a CALI strain (Fig . 7) . The results were not very different whether a high-copy plasmid (Fig. 7) or a centromere plasmid (results not shown) was used. There- Figure 7 . Effect of transformation with a CALI-carrying plasmid on chitin synthase activity. The indicated amounts of trypsin were added to each 50-Al assay mixture.
fore, if CALI is the structural gene of Chs3, other factors needed for maximal activity are limiting in the preparations used.
Discussion
Genetic analysis of a cross between an integrative disruptant of the cloned CALI gene and a calRI strain indicates that the cloned gene corresponds to the caIR] locus. Accordingly, plasmids carrying the cloned gene corrected all the deficiencies of calRI, i.e ., resistance to Calcofluor, low chitin level and defective spore maturation. The sharp decrease in chitin content in calRI mutants compared to wild type (35) suggested that CALI may be involved in chitin synthesis. This hypothesis was supported by the finding that the predicted amino acid sequence of the CALI gene product has significant homology with the predicted sequences of Chsl (9) and Chs2 (42) as well as with a chitin synthase gene from C. albicans (4) . The homology is detected in the carboxyl terminal region, as was the case in the comparison between Chsl and Chs2. Furthermore, the predicted size of the CALI gene product is close to that ofthe CHSI and CHS2 products. The amino terminal region of the CALI predicted amino acid sequence contains two hydrophobic domains not present in Chsl and Chs2, included in a mostly hydrophilic region larger than the corresponding one of the other two proteins. The central neutral portion is similar in size to that of Chsl and Chs2, whereas the carboxyl terminal region is much shorter. As in the case of Chsl and Chs2, the CALL protein also has several potential membrane-spanning domains near the carboxyl terminus . A gene that appears to be identical to CALI, based on the restriction map, has been cloned by C. Bulawa (Massachusetts Institute of Technology) and also by M. Breitenbach and his co-workers (University of Vienna, Austria) (genes CSD2 and DITI01, respectively; personal communication of C. Bulawa) .
Assays of chitin synthase activity were carried out in three strains from the same tetrad, all of them lacking Chsl: the strain with the genotype CHS2 CALI showed both trypsinindependent and trypsin-dependent activity ; the chs2 CALL strain exhibited only trypsin-independent activity (chitin synthase 3 ; 8), whereas CHS2 caIR1 had only trypsin-dependent activity (Chs2 ; 37, 43) . Clearly, the call] strain is deficient in Chs3. Incidentally, these results indicate that the "chitin synthase II" preparations studied by Orlean (27) actually contained a mixture of Chs2 and Chs3, although most of his results dealt with the properties of Chs3.
The findings summarized above are consistent with the notion that CALI may be the structural gene for Chs3. Other results, however, do not support this possibility. Although transformation of call strains with plasmids carrying the CALI gene resulted in restoration of Chs3 activity, overexpression of the enzyme was not obtained even with the use of a high-copy plasmid . Transformation of Schizosaccharomyces pombe with plasmids containing CALI did not lead to expression of trypsin-independent chitin synthase activity or to alteration of the natural resistance of this organism to Calcofluor (results not shown) . The explanation of these results may reside in the need for more than one protein for Chs3 activity. In addition to calRI, three other Calcofluorresistant mutations have been identified (35) , i.e., calR2, calR3, and calR5 (calR4 has been reclassified as call]) . All
The Journal of Cell Biology, Volume 114, 1991 of these mutants are deficient in chitin in vivo (35) and in Chs3 in vitro (results not shown) . It is probable, therefore, that the corresponding gene products are required for expression of Chs3, possibly as subunits of the enzyme or activators. If some of these factors are in limiting amounts in the cell, overexpression of the CALI product will not result in increased activity ofChs3. When the genes corresponding to the other call mutations are cloned, it will be possible to test this hypothesis by overexpressing them together with CALL . If CALL is a structural gene for Chs3, it seems possible that the relatively few regions that show homology with CHSI and CHS2 may be crucial for synthase activity or regulation. Thus, the availability ofthe CALI sequence may facilitate the study of structure and function in chitin synthases and suggest the sequence of appropriate nucleotides to search for chitin synthase genes in other fungi by polymerase chain reaction amplification.
Disruption of CALI was not lethal . The phenotype was similar to that of calR1 strains . Therefore, Chs3 is not an essential enzyme. The availability ofviable mutants deficient in Chs3 as well as in Chs2 (8) opens the possibility of ascertaining the function of each one of the two synthases . This is the topic of an accompanying report (40) .
